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Summary.- When L5178Y and L1210 mouse lymphosarcoma cells were incubated
with rat or beef liver arginase there was up to 100% cell destruction in 24 hours.
This was reversed specifically with arginine and partially with arginino-succinic
acid, citrulline and ornithine. The concentration of arginine was critical; at 8 ,umol/l
the cells remained viable and reversible inhibition could be shown; below this level
cells died. L5178Y cells were grown in medium containing from0 to80 ,umol/l arginine
for 24 hours then transferred to fresh medium for 24 hours. Viable cell counts and
mitotic indices were determined, and cells were pulsed with 3H-thymidine, 3H-
uridine, 14C-leucine and 14C-arginine at various times. Thymidine uptake was
affected most and preceded parallel changes in viable cell numbers. It was con-
cluded that arginine is required by these cells even in a " resting " state and despite
some evidence for their capacity to utilize precursors, the tumour cells underwent
rapid and extensive destruction when available arginine was severely depleted.
AN EXTRACT of rat liver rich in
arginase activity, and also purified beef
liver arginase, were found to be toxic to
several lines of tumour cells in culture.
In contrast to reports in the literature of
reversible inhibition, arginase produced
severe damage to all tumour cells ex-
amined. The incorporation of labelled
substrates, and also the cell viability were
examined at various concentrations of
arginine to ascertain the nature of the
damage. A preliminary account of this
work has been reported (Burton, 1969).
MATERIALS AND METHODS
Tumour cells.-Most ofthe work was done
using the L5178Y mouse lymphosarcoma,
but the L1210 lymphosarcoma was also
employed. Both cell lines are indigenous to
the DBA mouse, which strain was purchased
from Jackson Laboratories, Bar Harbor, Me.
Work was also carried out with the IRC
monocytic leukaemia of Fischer rats and an
astrocytoma of inbred hooded rats raised at
this centre. All cells were grown in sus-
pension cultures in Fischer's medium with
10% serum and containing 200 mg/l gluta-
mine. The cultures were tested occasionally
for the presence ofmycoplasma with negative
results.
Fischer's medium, with and without
arginine, was purchased from Grand Island
Biologicals, Grand Island, N.Y., as was the
horse serum, which was dialyzed against
sterile saline.
Cell counts were made routinely using
eosin Y staining as an indication of cell death
(Bessis, 1964). Most damaged cells soon
underwent lysis. Mitotic indices were deter-
mined by addition of 2 ,ug colchicine to 106
cells which were incubated for 2 h at 38°C,
after which the cells were concentrated by
centrifugation, smeared, air dried and stained
with Wright's stain. Over 1500 cells were
counted for each determination.
Preparation ofrat liver extract.-1 g normal
rat liver was homogenized in a Teflon tissue
grinder with 1 ml of phosphate buffer pH 7.4
(Krebs and Eggleston, 1940). The prepara-
tion was centrifuged at 1200 g for 5 min, and
the sediment discarded. The supernatant
was then centrifuged at 105,000 q for 30 min.
The resulting supernatant was passed through
a 0 45 ,um Millipore filter and then chromato-
graphed on a column of Sephadex G-100, and
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420 ml ofgel, the pressure head was 20-30 cm
and the flow rate 20-30 ml/h. The tempera-
ture was maintained at 6°C. Five-ml frac-
tions were collected and their optical density
was read at 280 nm. The active fraction was
eluted between 200 and 250 ml effluent.
This corresponds to the fraction designated
5s by Sorof et al. (1966). The potency of the
extract was such that 20 Aul, representing the
equivalent of 1 mg of fresh tissue and con-
taining 28 ug of protein (Lowry et al., 1951)
caused 90-100% cell death in 20 h in a typical
culture of 5 x 105 L5178Y cells.
Reagents. Purified 1-amino acids were
purchased from Sigma Chemical Corp., St
Louis, Mo., as was the bovine liver arginase,
the activity of which was 20-30 u/mg.
Radioactive compounds were purchased
from Amersham/Searle: 3H-thymidine 15-6
Ci/mmol; 3H-uridine 17-25Ci/mmol; 14C-1-
leucine (u) 344 mCi/mmol; 14C-l-arginine (u)
324 mCi/mmo]; 1-arginine-guanido-14C 50
mCi/mmol; and from New England Nuclear
Corp.: 1-citrulline-ureido-14C 4-28 mCi/mmol
and 1-ornithine-14C (u) 204 mCi/mmol.
Procedure for tracer experiments.-After
incubation for the required time, the cells
wrere pulsed with the tracer. Incubations
were continued for a pulse time of 10 and
60 min. For determination oftotal counts in
the cells they were centrifuged, washed with
8 ml cold buffer, digested in 0.5 ml 0-2 N
NaOH and transferred to vials with Beckman
BBS 2 solubilizer. Scintillation fluid, con-
taining 4 g PPO and 100 mg POPOP per litre
toluene, was added and the samples were
counted in a Packliard Tri-Carb liquid
scintillation spectrometer, model 3003.
Quenching w-as determined by the channels
ratio method (Peng, 1970).
The distribution of radioactivity within
the cells was examined as follows, by the
method of Hnilica and Busch (1963): the cells
in l)uffered saline were freeze thawed rapidly
8 times, spun at, 1200 g to give a crude
deoxynucleoprotein precipitate (DNP), and
the supernatant was then made up to 10%
with respect to trichloracetic acid (TCA).
This was centrifuged to give what is desig-
nated as a TCA precipitate and a supernatant.
These fractions were transferred to vials wvith
BBS 3 solubilizer and counted separately.
In some experiments the TCA precipitate was
further fractionated into phospholipid, RNA
and protein components. The crude DNP
precipitate w-as resolved into fractions con-
sisting of lipid, DNA, arginine-rich histones,
lysine-rich histones, alkali-soluble protein
and residual protein. There were no indica-
tions of significant differences in the distribu-
tion of counts in fractions from cells grown in
complete, compared with low, arginine
medium. Accordingly, in the experiments
described in Fig. 2-5, less complete fractiona-
tion was carried out, as indicated.
Examination of the radioactivity in
hydrolysed proteins was carried out as
follows: the TCA-insoluble material from each
sample was digested with 500 /g pronase in
phosphate buffer, pH 70 for 20h. The
sample was then hydrolysed with 6 N HC1 in
a sealed tube at 110°C for 20 h. The hydro-
lysate was desalted on a small column of
Dowex 50 resin, from which the amino acids
were eluted with triethylamine. The sample
was applied to a cellulose-TLC glass plate
(Stahl and Mangold, 1965) and developed in 2
dimensions: first, n-butanol: acetic acid:
water (3: 1 : 1), then in phenol: water
(211 : 57). Autoradiographs were prepared,
after which the plates were sprayed with
ninhydrin.
RESULTS
The extracts of liver containing argi-
nase or purified beef liver arginase were
incubated at 38°C with various cells in
culture; up to 100% cell death was
observed after 20 h with the usual number
of cells 5 x 105. Similar results were
obtained with L5178Y and L1210 mouse
lymphoma cells, with the IRC rat mono-
cytic leukaemia and the rat astrocytoma
(Table I). Normal thymus cells of the rat
and mouse were unaffected. Normal
mouse fibroblasts were apparently un-
affected for 48 h although division was
slowed down. In a culture of normal
human peripheral lymphocytes stimulated
to divide by treatment with phytohae-
magglutinin (Thomas et al., 1967) mitosis
was arrested, but on transfer to fresh
medium 24 h later the cells grew again
normally. This suggested that the tumour
cells were not necessarily more sensitive
merely because they were dividing.
Tumour cells exposed to the extract for
6 h at room temperature, where they do
not divide, still showed extensive damage
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TABLE I.-Effects ofLiver Extract on Various Cells in Culture
Cell type
Mouse thymocytes
Mouse L fibroblasts
Mouse L fibroblasts
Mouse lymphosarcoma L1210
Mouse lymphosarcoma L1210
Mouse lymphosarcoma L5178Y
Mouse lymphosarcoma L5178Y
Mouse lymphosarcoma L5178Y
Rat thymocytes
Rat IRC monocytic leukaemia
Rat IRC monocytic leukaemia
Rat astrocytoma
Rat astrocytoma
Human lymphocytes
(normal, PHA stimulated)
Human lymphocytes
(normal, PHA stimulated)
Human lymphocytes
(normal, PHA stimulated)
then resuspended in fresh medium for 48 h
Thymus and tumour cells were removed freshly from hosts and incubated as described by Burton, Storr
and Dunn (1967). Tumour cells were also tested after having been maintained in culture for 24 h or more.
L strain fibroblasts were maintained continuously in culture. Human peripheral lymphocytes were obtained
and incubated as described by Thomas et al. (1967). The cells were exposed to the extract for up to 48 h and
were then transferred to fresh medium for further incubation. All cells examined were in suspension
culture and were growing, except for thymus cells which remained stable. At the end of the incubation
period more than 85% of all untreated cells, including thymus, were viable. The extract used in these
experiments contained 28 - 5 mg protein per ml. A great many experiments were carried out with varying
conditions; those shown are the mean of replicate values from single typical experiments.
TABLE II.-Toxicity to L5178Y Tumour Cells ofLiver Extract and ofPurified
Aryinase, and the Reversal by Amino Acids
Treatment
None
Arginine 10 mmol
Arginine 0- 1 mmol
Arginino-succinic acid 1 mmol
Citrulline 1 mmol
Ornithine 1 mmol
Viable cells, % control values
Rat liver extract Beef liver arginase
incubated 20 h incubated 48 h
1 8±0 3
100
29- 7±3 - 2
57-5±10-7
64-2±7 - 8
57 -5±2 - 6
100
332-2±5-2
20-4±9-1
Cells were incubated in Fischer's medium with 10% serum, which was dialyzed. Cell counts incontrol
samples were usually 4-500,000 at the end of the incubation period. The values shown are the mean±s.e.
mean percentage of viable cells relative to control values.
when transferred to fresh medium at 38°C.
The effects of higher temperature were
deleterious even to untreated tumour cells.
No significant differences were observed
over a pH range compatible with survival
of cells (pH 7-1-7-8).
The toxicity of both types of arginase
could be abolished specifically with argi-
nine. Arginino-succinic acid, citrulline
and ornithine at higher concentrations
reversed the toxicity partially (Table II).
Other amino acids were ineffective.
In contrast to the result described by
other workers, which was reversible inhibi-
tion, the effect observed on the tumour
cells tested was drastic. Exposure of
Cell count
Concentration
j 1/ml
100
0
10
0
10
0
5
10
100
0
50
0
10
0
10
10
Time
h
24
24
24
48
48
24
24
24
24
24
24
48
48
72
24
24
Initial
2000
100
100
50
50
100
100
100
2000
150
150
150
150
3000
Final
1850
165
150
240
0
262
7
0-8
1720
462
1 -2
1330
50
Mitotic index
38
3000
3000
6
60
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cells to the extract for various times,
followed by transfer to fresh medium for
the remainder of a 24 h period, resulted in
increasing destruction with longer expo-
sure. The viable cell count, as apercentage
of control values was 38% after 5 h, 20%
after 7 h and 0.8% after 24 h.
It appeared that the concentration of
arginine was critical and so various con-
centrations were tested. Fischer's
medium contains 80 /imol (15 mg/l). At
lower concentrations the viable cell count,
as a percentage of control values, was
65% at 20 ,amol/l, 25% at 8 ,umol/l and
10% at zero arginine. In zero arginine with
arginase or liver extract all cells were
dead. The enzyme was presumed to have
produced a more complete deficiency by
preventing re-utilization of arginine re-
leased from lysed cells.
At 8 ,umol/l, which is 1/10th the
normal concentration of arginine in
Fischer's medium, the cells remained
viable for up to 48 h with a low but
constant mitotic index (2.5% as against
8 5% for the controlsincompletemedium).
As seen in Fig. 1, when cells maintained in
8 ,imol/l were transferred after 24 h to
fresh complete medium they were capable
of normal growth, almost the same as an
equal number of control cells kept con-
tinually in complete medium. Upon
transfer from 8 ftmol/l to zero arginine,
however, 9000 of the cells were dead by
6 h.
Experiments were carried out in which
L5178Y cells were incubated in Fischer's
medium containing 80, 8 or 0 ,tmol/l
arginine for 24 h and were then transferred
to a different medium for a further 24 h.
VIABLE CELL COUNT
-100% ARG medium
-10% ARG medium
00% ARG medium after resuspension
U. i I I X I a Ia1
U 20 30 40 50
Time (hours)
F1G. l. Viable L5178Y cell counts in Fischer's melium containing 0, 8 and 80 ,pmol/1 arginine.
Cells were stained with eosin Y and uptake of the dye was taken as indicative of cell death. Mitotic
indices were also (leterminecd. In the high arginine medium this remained constant, arouind 8-5%;
in the low arginine medium it was 2-5o. After the initial 24 h incubation, the control cells were
reduced to the same nuimber as those in the low arginine medium for the remaining 24 h incubation.
A 0 arginiine (O ARG), * 80 ,umol/l arginine (100% ARG), * 8 ,umol/l arginine (100/ ARG). Dashed line first incubation; solid line after resuspension. The controls resuspended in 100% ARG wNere cliluted so that, on resuispension the number of cells was comparable with sample in
medlium of lower content. Samples of both normal (100% ARG) and low (10% ARG) media
weie resuspended in the low 10% ARG.
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Viable cell counts are shown in Fig. 1.
Simultaneous determinations were also
made of the mitotic indices and the incor-
poration of labelled thymidine, uridine,
leucine and arginine, using a 10- and 60-
min pulse time. Because ofthe number of
specimens handled, sampling times varied
somewhat but were within a 30 min
range. Each determination could only be
made singly and so the entire experiment
was repeated 3 times. Agreement of
replicates was good; standard errors have
not been shown but are illustrated for a
few critical points (Fig. 4). Only the
60 min pulse data are included in Fig. 2-5.
The effect of the various media upon
uridine incorporation into whole cells was
not remarkable (Fig. 2). The uptake of
leucine (Fig. 3) was reduced by half in the
lower concentrations of arginine. The
incorporation ofthymidine (Fig. 4) showed
much greater changes. Peaks of incor-
poration were recorded in the complete
medium at 6, 25 and 45 h. In the
arginine-free medium, thymidine uptake
dropped steadily nearly to zero by 22 h.
In 8 ,amol/l arginine, after an initial drop,
thymidine incorporation remained con-
stant for 48 h. Upon transfer to adequate
medium, uptake increased immediately
and was nearly the same as controls within
12 h. When transferred to medium free of
arginine, however, incorporation ofthymi-
dine dropped sharply almost to zero
within 3 h.
The distribution of radioactivity with-
in the cells incubated in the complete and
in the 8 /tmol/l arginine media, is illus-
trated in Fig. 5; there were no appreciable
differences in the counts fixed in each
fraction.
Also included in Fig. 5 is a qomparison
of the incorporation of either universally
or guanido labelled arginine. The distri-
bution among the 3 fractions was not
different in the 2 media. Autoradio-
graphs of TLC plates revealed that most
of the radioactivity was present in the
URIDINE UPTAKE IN WHOLE CELLS
100% ARG
medium
10% ARG
medium
... . . . . . . . . . . . . . . . before resuspension -
- - - - - -
a)
U
0
0
x
.E_
iO
Time(hours)
Fjc. 2. Incorporation of 3H-uridine by L5178Y cells grown in Fischer's medium containing 0, 8 and
80 ,I-mol/1 arginine. Cells were removecd after incubation for the time indicated and were pulsed
for 60 min with the label, 0 93 ,Ci/ml. The values shown represent total uptake of counts into
whole cells. Each figure is a mean of 3 separate experiments. A 0 arginine (0% ARG), 0-
80 ,umol/l arginine (100% ARG), * 8 ymol/l arginine (10% ARG). Dasheci line first incubation;
solid line after restuspension.
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14C LEUCINE UPTAKE IN WHOLE CELLS
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Fie. 3. Incorporation of 14C_-lueiCe by L5 1 78Y cells grown in Fischer's mediurm containinlg 0, 8 and 80 ,umol/l arginine. Cells were removed after incubation for the time indicated and were pulsed for 60 min with the label, 0-86 ,uCi/ml. The values shown represent total uptake of counts into whole cells. Each figure is a mean of 3 separate experiments. A 0 arginine (0% ARG), 0- 80 /tmol/l arginine (100lo ARG), * 8 uimol/l arginine (10% ARG). Dashed line first incubation; solid line after resuspension.
hydrolysate as arginine, with a lesser
amount of proline and some unidentified,
possibly peptide, constituent.
This evidence suggests that the lower
concentration of arginine is sufficient to
maintain normal cellular processes. How-
ever, upon transfer to arginine-free
medium, in view of the rapid decline in
thymidine uptake (Fig. 4) and cell via-
bility (Fig. 1), events at this critical time
were considered to be of particular
interest. One possibility was that the cells
become depleted of endogenous arginine
because of inability to retain it. Cells
were incubated for 10h in the minimal
medium and were then pulsed with
arginine for 30 min before transfer to
fresh arginine-free medium. As shown in
Table III, there was no evidence that the
more depleted cells failed to retain the
TABLE III
Counlts incorporated in mlediulm
containing
Isotope Conditions 8 /imol/l arginine Zero arginine
Guanidlo-14C-arginine 0*1 uCi/ml Cells pulsed 30 min, then wNashed 15998±3400 21493±3100 and transferred to fresh
medium for 1 h 14C-leucine 0 I ,uCi/ml Cells transferred to fresh mecdium 12347±801 18378±245
for 1 h then pulsed for 30 min
2 x 106 Tumour cells w%,ere inicubated for 10 h in Fischer's medium containinig 8ipmol/l aiginiine before the above operations. After the second incubation, the cells were collected by centrifugation and were washed with saline containing 10 mmol/l unlabelled arginine or leucine. Whole cells were solubilized in the experiment with arginine. In the case of leucine, the samples were made 3% with respect to TCA andl the washed precipitate was solubilized and counte(l.
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3H THYMIDINE UPTAKE IN WHOLE CELLS
300-
- 200-
U
0
r-
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0% ARG medium
0 10 20 30 40 50
Time (hours)
FIG. 4. Incorporation of 3H-thymidine by L5178Y cells grown in Fischer's medlium containing 0, 8
andl 80 ,umol/I arginine. Cells were remove(l after inicubation for the time indicat,ed and were
pulsed for 60 min with the label, 1-06 liCi/ml. The values shown represent total uptake of counts
into whole cells. Each figure is a mean of 3 separate experiments. Standard errors have not been
shown but were such that differences, where indicated, were highly significant. For example at
20 h the value for the incorporation in 0 arginine was 6252+21; in 8 umol/l arginine 16,271 ± 1220;
in 80 ymol/l arginine 36,060± 1410. At 33 h the values were: in 0 arginine 210±25; in cells
incubate(d fiist in 8 ,umol/l then transferred to 80 ,umol/l arginine 51252±8680; in the controls
continually in 80 umol/l arginine 65117± 3650. A 0 arginine (0% ARG), 0 80 ,imol/l arginine
(100% ARG), *--8 /imol/l arginine (10% ARG). DashedI line first incubation; solid line after
restuspension.
label. Experiments with leucine were
carried out by pulsing for 30 min after the
cells had been transferred and had been
incubating for 1 h in the fresh medium.
A significant increase in leucine uptake
occurred in cells during the I h incubation
in arginine-free medium. Other experi-
ments using different incubation or pulse
times yielded similar results. This indi-
cates that increased activity of some
cellular processes is occurring despite a
simultaneous sharp decline in others.
Experiments were also carried out
with labelled ornithine and citrulline, the
precursors of arginine. The tumour cells
incorporated both readily and the con-
version of ornithine to proline and glu-
tamic acid was observed. Citrulline was
also incorporated into acid-insoluble
material. Similar results were obtained
when tumour cells were grown in mice
which were injected with the labelled
compounds. These dataare consistent with
the partial reversal of arginase activity by
citrulline in Table II.
Attempts were made to influence
tumour growth by injection of mice with
either liver extract or purified arginase,
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Thymidine Uridine Leucine G.L. Arginine UL Arginine
FIG. 5. The dlistribution of radioactivity in the deoxynucleoprotein (DNP), TCA insoluble (TCA- PPT) and TCA soluble (SUP) fractions of L5178Y cells. The cells were incubated in Fischer's
me(lium containinig 8 or 80 ,lmol/l arginine for 24 h and then pulsed for 1 h with labelled substrate.
Hatched bars in(licate SUP, solid bars the TCA-PPT and open bars the DNP fraction. Bars marked 1 indicate the normal 80 yrmol/l arginine content, 0 1 indicates the 8 ,umol/l arginine. T =
thymidine, U = uridine, LEU = leucine, GL ARG = guianido-labelled arginine, UL ARG = uni-
versally labelled arginine. Concentrations of 3H were: thymidline 1-06, uridine 0 93 p4Ci/ml; of 14C: leucine 0-86, UL-arginine 1-49, GL-arginine 0-86 ,uCi/ml.
but without success. However, ascitic
fluid which was withdrawn and incubated
in vitro showed arginase effects, and when
examined chromatographically showed a
great accumulation of ornithine. This
indicated that the enzyme was active in
vivo, but not sufficiently to decrease the
concentration ofarginine below the critical
level as in vitro.
DISCUSSION
Inhibition of the growth of several cell
lines by arginase has been reported
(Lieberman and Ove, 1960; Freed and
Sorof, 1966; Freed and Schatz, 1967;
Holley, 1967; Osunkoya, Adler and Smith,
1970). The drastic cell destruction ob-
served in this investigation is in contrast
to the reversible inhibition ofgrowthwhich
was reported by others, and which was
also seen with the few normal cell lines
which were examined (Table I). This
appears to be due to the fact that the
concentration of arginine is critical and
unless the deficiency is severe enough a
destructive effect is not obtained. At
8,umol/I arginine L5178Y cells remained
viable and functioned normally and re-
versible inhibition ofgrowth was observed
(Fig. 1). Uridine uptake was nearly
normal (Fig. 2) and that of leucine was
diminished but constant (Fig. 3). Thymi-
dine incorporation was altered the most
(Fig. 4). Upon repletion of arginine, the
cells returned rapidly to values similar to
controls which had remained in the
higher arginine concentration.
This suggests that the cells were
essentially normal. The lack of a peak of
thymidine incorporation to values above
the controls after repletion suggests that
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the cells were not necessarily arrested at
any particular point in the cell cycle.
When completely deprived of exogenous
arginine, thymidine incorporation de-
creased further, the cells were dying and
yet, surprisingly, leucine incorporation
increased (Table III). Possibly this is a
consequence ofthe drastic changes accom-
panying the death of the cells.
The decrease in thymidine uptake
during depletion and the increase upon
repletion of the medium with arginine
were the most striking changes that were
observed and preceded similar changes in
viable cell numbers. While the mecha-
nism cannot be ascertained from these
experiments, the results suggest that the
requirement for arginine might involve
nucleic acid metabolism. This has been
proposed by Osunkoya et al. (1970), who
attributed the inhibition of growth of
Burkitt lymphoma cells by arginine defi-
ciency to an inhibition of DNA synthesis.
Holley (1967) also described inhibition of
DNA synthesis in cultured mouse cells by
arginase. These observations were made
in situations where the damage was
reversible, although chromosome abnor-
malities were seen in cells which recovered
from the action of arginase (Freed and
Schatz, 1967). In this investigation the
rapid death ofcells transferred from low to
zero arginine, and the delayed death of
cells which had been previously exposed
at room temperature to arginase, indicate
that even in a " resting " state these
tumour cells have a requirement for
arginine.
In vivo injection of arginase was
reported by Bach and Swaine (1965) to
cause some retardation of tumour growth
in rats. Our own attempts in mice have
been unsuccessful so far. This is perhaps
not surprising in view of the recent
experiences of Roberts, Holcenberg and
Dolowy (1970) and of Schrek et al. (1971)
with glutaminase and asparaginase. These
workers were able to achieve significant
effects in vivo only when bacterial enzymes
were used which had lower Kz values
than mammalian enzymes. Although
after injection into mice the active enzyme
and its product can be measured, probably
the level of arginine was not reduced
below the critical level which this investi-
gation has indicated must be achieved, to
cause extensive cell death. Senft (1967)
has reported that blood levels of arginine
were reduced to immeasurable values in
mice infected with schistosomes, though
the mice survived several weeks. This
suggests that many normal cells might be
less sensitive to severe arginine depriva-
tion. Possibly concomitant measures to
prevent synthesis of arginine from pre-
cursors, especially citrulline, might prove
useful as a method ofselective tumour cell
damage, analogous to the use of aspara-
ginase (Broome, 1968).
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